There are numerous reports of bone thinning in association with disease of the liver and biliary system. In cirrhosis of the liver, both osteomalacia and osteoporosis have been reported. Osteomalacia has been attributed to either malabsorption or lack of storage of vitamin D, and osteoporosis variously to hypoalbuminaemia, endocrine disorders, or malabsorption of calcium (Cocchi, 1951; Lichtwitz, Cachin, Hioco, Tutin, and Seze, 1959; Bour, Battesti, and Schaison, 1963) . There have, however, been no systematic studies of calcium absorption and metabolism in the presence of cirrhosis of the liver in either man or in animals.
In animals with obstructive jaundice, on the other hand, calcium malabsorption and bone disease has been well documented. The importance of bile salts in calcium metabolism was first demonstrated by Pavlov (1905) , who noted that osteoporosis developed in biliary fistula dogs. Wisner and Whipple (1922) confirmed this observation, and Buchbinder and Kern (1927) showed a progressive fall in the serum calcium of puppies after ligation of the common bile duct. In man with prolonged obstructive jaundice and biliary cirrhosis, the development of bone thinning (Seidel, 1910; Snapper, Seely, Falk, and Feder, 1954; Atkinson, Nordin, and Sherlock, 1956 ) and calcium malabsorption (Kehayoglou, Holdsworth, Agnew, Whelton, and Sherlock, 1968) has also been well documented.
The action of bile acids in increasing calcium absorption could either be indirect through vitamin D or direct. Vitamin D is necessary for efficient calcium absorption, and vitamin D is not absorbed from the gut in the absence of bile (Greaves and Schmidt, 1932; Schachter, Finkelstein, and Kowarski, 1964) .
The experiments described in the present paper were designed to study in rats the effect of biliary obstruction for varying periods of time on the 'Address correspondence to Dr C. D. Holdsworth, G-I Laboratory, St. Leonard's Hospital, Nuttall Street, London N.1. absorption of oral calcium chloride. To elucidate the extent to which fat may influence calcium absorption under these conditions calcium absorption was studied in the presence of long-chain triglycerides and medium-chain triglycerides in both normal and acutely bile duct-ligated animals. Finally the effect of experimental cirrhosis on bone development and calcium absorption has been assessed.
MATERIAL AND METHODS
MATERIALS Radioactive calcium-45 or calcium-47 was obtained as the chloride from the Radiochemical Centre, Amersham, Bucks, and doses were prepared by suitable dilution with normal saline and the addition of nonradioactive calcium chloride. Olive oil and mediumchain triglyceride were obtained from commercial sources. Gas liquid chromatography of the medium-chain triglyceride showed the constituent fatty acids to be largely octanoic acid (C8) (77%) and decanoic acids (Cl) (23 %), with less than 0.5 % of lauric acid (C10) and only traces of C6, 7 and , fatty acids.
ANIMAL PREPARATION Sprague-Dawley rats were used in all experiments. Their mean weight was 125 g (range from 80 g to 170 g), and mean age 5 weeks. Female rats were used in all experiments apart from those concerned with the effect of carbon tetrachloride-induced cirrhosis on calcium absorption, for which male rats were used.
Bile duct ligation Under ether anaesthesia and aseptic conditions, laparotomy was performed and the common bile duct was cut at its mid-point between ligatures. The abdominal wall was then closed by sutures. Control rats underwent similar manipulations except that the bile duct remained intact. After recovery from anaesthesia the animals were allowed to resume their normal diets, and were fed until 12 hours before absorption experiments. The effectiveness of the bile duct occlusion was checked after killing the animals. The chronically bile duct-obstructed rats remained in good health, and their mean increase in body weight (65 g) was similar to the increase in weight of the control group (70 g). Histological examination of the liver of obstructed rats showed a varying degree of liver damage, but secondary biliary cirrhosis had not developed. 597
Induction of cirrhosis with carbon tetrachloride Male Sprague-Dawley rats, weighing approximately 100 g, fed on a normal laboratory diet, were exposed to carbon tetrachloride vapour twice weekly for 30 weeks in a 3 x 2 x 2 ft chamber for 20 minutes after they became unconscious (Daniel, Prichard, and Reynell, 1952; Cameron and Karunaratne, 1936 ). An equal number of male rats of the same body weight were used as controls. Both groups of rats grew well. Final mean weight of 17 cirrhotic rats was 432 ± 11 g, and of 17 control rats 350 ± 15.5 g (M ± 2 S.E.). Histological examination of the liver confirmed the presence of cirrhosis in all animals exposed to carbon tetrachloride. ABSORPTION STUDIES Calcium absorption was studied after the following procedures, and in appropriate control experiments. (1) The effect of acute bile duct obstruction (two to four days) was studied on (a) absorption of isotopic calcium from aqueous solutions containing two different amounts of carrier calcium, (b) absorption of isotopic calcium when mixed with long-chain triglyceride, and (c) absorption of calcium when mixed with medium-chain triglyceride. (2) Chronic bile duct obstruction (16 to 39 days) and (3) the induction of cirrhosis by carbon tetrachloride.
ADMINISTRATION OF DOSE In all experiments the oral dose was introduced perorally through a blunt-ended steel cannula directly into the stomach of the fasting nonanaesthetized rat. The dose contained a trace quantity of radioactive calcium (either 4"CaCl2, or 47CaCI2 or both) with 1 mg of non-radioactive calcium as calcium chloride.
For the study of calcium absorption in the absence of fat, the dose was dissolved in 1 ml of 0.9 % w/v saline. For the study of calcium absorption in the presence of fat, the dose was dissolved in 0.5 ml of 0.9 % saline and administered with 0.5 ml of either olive oil or mediumchain triglyceride. No attempt was made to prepare an emulsion.
MEASUREMENT OF ABSORPTION Two methods were used to assess calcium absorption: (1) measurement of the percentage of the absorbed dose of 45Ca which was deposited in the femora after 24 hours, and (2) measurement of the whole body retention of 47Ca 24 hours after the dose. For bone deposition studies 45Ca was chosen because it has a long half life (165 days) and is continuously available. It is, however, a beta-emitter and can only be counted after extraction from the bones, which can be tedious. For retention studies 47Ca was used. This is a short-lived isotope (half life 4.7 days) but emits high energy gamma rays so that activity in the whole animal can be measured externally by a suitable gamma counter.
Femoral uptake of 45Ca 4"CaCI, was administered as described above. Twenty-four hours later the animal was killed by a blow on the head, both femurs were dissected out, and after drying at room temperature for 24 hours were weighed and then dry ashed at 600°C for 24 hours.
After re-weighing, the ashed bones were crushed and dissolved in 5 ml of 2N HCl, and the volume was made up to 50 ml with distilled water.
The procedure followed was that described by Humphreys (1965) Figure 1 . Both methods could theoretically be invalid if a large and variable amount of the absorbed dose was excreted in the urine during the first 24 hours, but although this has not been measured in rats, in man the error introduced by neglecting urinary excretion is small and relatively constant (Agnew, Holdsworth, and Kehayoglou, 1967) . Furthermore, previous work has shown that deposition of 45Ca in bone reflects the amount of calcium absorbed by the gut as measured by more direct methods (Sallis and Holdsworth, 1962) , and it was concluded therefore that either of the two techniques described in this paper do in fact measure calcium absorption and that they could be used interchangeably. The possibility does exist that any depression of calcium absorption produced by vitamin D deficiency may be underestimated by either of these two methods, because of the smaller urinary calcium excretion of vitamin D-deficient animals. Sallis and Holdsworth (1962) found that bone deposition of isotope gave a satisfactory indication of calcium absorption in osteomalacic animals as well as in normal animals, so that any error introduced by neglecting urine excretion must be small.
The significance of the results were assessed by Student's test. All ranges shown are ± two standard errors of the mean. The figures in parentheses in both tables and test refer to the number of rats in the experimental group.
RESULTS

ABSORPTION OF CALCIUM FROM AQUEOUS SOLUTION
There was no significant difference between the absorption of calcium in acutely bile duct-obstructed rats, and in sham-operated animals (Table I) .
When 50 mg of calcium was used as a carrier dose in place of the normal 1 mg, absorption (R) in sham operated rats was slightly depressed, falling from 39.3 ± 2.86 (6) to 33.2 ± 0.87 (13) (p < 0.02). In bile duct-obstructed animals the fall in calcium absorption (R) from 35.6 4± 2-85 (6) to 32.7 ± 0.87 (14), was not significant. As was found with the 1 mg dose, bile duct ligation did not significantly depress the absorption of calcium chloride dissolved in isotonic sodium chloride.
ABSORPTION OF CALCIUM ADMINISTERED WITH LONG-
CHAIN TRIGLYCERIDES When the dose was mixed with long-chain triglyceride in the form of olive oil, bile duct ligation resulted in a considerable depression of calcium absorption, in contrast to the findings with an aqueous solution of calcium. The mean calcium absorption in the bile duct-ligated animals was only 67 % of that in the control animals and this depression of calcium absorption was shown by both the techniques used (Fig. 1) . On the other hand, olive oil did not depress the absorption of calcium in the sham operated rats.
ABSORPTION OF CALCIUM ADMINISTERED WITH MEDIUM-CHAIN TRIGLYCERIDE In contrast to the findings with long-chain triglycerides, there was no significant depression of calcium absorption by medium chain triglyceride. Indeed, medium-chain triglycerides markedly stimulated calcium absorption in both sham operated and control animals. In a further series of experiments, using two groups of nine normal animals which had not been subjected to any surgical procedure, medium-chain triglycerides also significantly stimulated calcium absorption. Absorption (R) of calcium from an aqueous solution was 48% + 3.9, and when mixed with medium chain triglyceride was 60% ± 2-4 (p < 0.02). of calcium chloride in aqueous solution (Table II) . The depression was apparent at 16 days, and did not become more pronounced over the following 23 days.
The percentage of loss of bone weight on ashing of the femoral bones was studied in both groups, as an indication of their mineral content. In chronically obstructed rats mean loss of weight on ashing was 50 5 + 0 5% (M -+ 2SE), and in sham operated rats the corresponding figure was 49.5 ± 0.7% (M ± 2SE), but the difference did not reach a definite degree of significance (p < 0.1).
CARBON TETRACHLORIDE-INDUCED CIRRHOSIS There was no significant difference (Table III) in the 47Ca retention of the normal and cirrhotic rats (p < 0.2).
There was no significant difference between the control and cirrhotic groups of rats in either weight gain, percentage of bone ash, femoral scores as assessed radiologically (Nordin, MacGregor, and Smith, 1965) , and femoral bone length. Serum calcium and phosphorus were similar in the two groups at the end of the experiment, and the only significant differences were those resulting directly from the cirrhosis, ie, in spleen weight, liver weight, and serum alkaline phosphatase. Portal vein pressure was raised in six of the eight cirrhotic animals in which it was measured. Cirrhosis of the liver was evident on macroscopic examination of the liver and was confirmed histologically in all cases. The serum bilirubin was over 1-0 mg per 100 ml in only one rat, and this rat was also the only animal which developed ascites. Whole body retention of 47Ca in this animal was 13.9 %, which is in the low normal range.
DISCUSSION
The study of calcium absorption in the intact animal was until recent years only possible by the use of balance techniques, in which dietary intake and faecal excretion of calcium was measured during a period of time extending over several days. Using radioactive isotopes of calcium it has become possible to devise acute experiments. Measurement of blood radioactivity within a few hours of the dose has been widely used (Webling and Holdsworth, 1965, 1966) , but it has been found in man that blood radioactivity after oral isotopic calcium can be affected by factors other than absorption (Agnew et al, 1967) and in this study a more direct method has therefore been chosen. The deposition of 45Ca in bone has been used previously to measure calcium absorption and gives a valid indication of calcium absorption in both normal and vitamin D-deficient animals (Sallis and Holdsworth, 1962) . Whole body retention of 47Ca has been used in man as an index of calcium absorption (Deller, Worthley, and Martin 1965; Agnew et al, 1967) . In rats it was found to be a rapid and convenient method with results which correlate well with those of bone deposition (Fig. 1) .
Under the condition of our experiments acute biliary obstruction had no effect on the absorption of calcium chloride whether this was given in a small amount (1 mg) or a large amount (50 mg) of calcium, although in the sham operated rats percentage absorption of calcium was less when given with a larger carrier dose. Under similar conditions in rats, Lengemann and Dobbins (1958) found that the absorption of an oral dose of 30 mg calcium chloride mixed with 1 mM of glycine was unaffected by acute bile duct obstruction although stimulation of bile flow in normal animals did enhance calcium absorption. Webling and Holdsworth (1966) found in rats that absorption of the much more sparingly soluble salt calcium phosphate (CaHPO4) was considerably diminished by ligation of the bile duct. They did not assess the result of this operation on absorption of the more soluble salt calcium chloride but they showed that certain bile salts could stimulate the absorption of this compound, although they have a much greater effect on the absorption of more sparingly soluble salts (Webling and Holdsworth, 1965) . They presented evidence to support their view that this was due to the capacity of bile salts to form The possible effects of triglyceride on calcium absorption in both normal and biliary-obstructed rats are complex, even in short-term experiments where any effect secondary to changes in vitamin D absorption can be eliminated. In the normal animal, calcium salts can be solubilized in a mixture of fatty acids and bile acids, and Klinke (1928) and Verzar and McDougall (1936) suggested that such a mixture may form a soluble complex in the intestine that could be absorbed intact by the mucosal cell, ionic calcium being only liberated within the body. More modern physico-chemical studies have
shown that a micellar solution of bile salts and monoglycerides can incorporate polyvalent cations such as calcium, and it has been suggested that this micellar solubilization could play a role in normal calcium absorption (Hofmann, 1965) . Bile duct ligation could therefore diminish calcium absorption by interfering with micellar solubilization. In addition, bile salt deficiency leads to impaired fat absorption, and this could lead to impaired calcium absorption due to the formation of insoluble calcium soaps.
In the experiments described in this paper, calcium absorption in sham operated animals was found to be unaffected by olive oil, which consists largely of the long-chain triglyceride triolein. On the other hand, in normal, sham operated and bile duct-ligated rats, calcium absorption was markedly stimulated by a mixture of medium-chain triglycerides. The effect of medium-chain triglyceride was not studied after chronic bile duct ligation. Previous reports about the effect of dietary fat on calcium absorption have varied considerably according to the experimental conditions. Thus it may diminish absorption (Westerlund, 1934) , increase absorption (Boyd, Crum, and Lyman, 1932; Knudson and Floody, 1940; Jones, 1942) , or have no effect (Steggerda and Mitchell, 1951) . In general it appears to be true that any deleterious effect of fat on calcium absorption increases in proportion to the molecular weight and melting point of the fat concerned (Westerlund, 1934; Calverley and Kennedy, 1949) , so that tristearin and tripalmitin may depress calcium absorption but tributyrin or triolein do not (Westerlund, 1934) , and French and Elliott (1943) found that in the albino rat olive oil only diminished dietary calcium absorption when given in large quantities. This may reflect the easier digestibility of the lower molecular weight triglycerides, or the greater solubility of the calcium salts of their constituent fatty acids (Bosworth, Bowditch, and Giblin, 1918) . Telfer (1921) clearly identified the fact that both fatty acid chain length and intestinal pH affect calcium solubility within the lumen of the small intestine. Even if calcium is given as the chloride, the chloride ion is absorbed more rapidly than the calcium ion (Haldane, Hill, and Luck, 1923) and the calcium ions then associate with fatty acid, phosphate, or carbonate ions to form less soluble salts. The shorter chain fatty acids readily dissolve calcium carbonate and calcium phosphate, but in the presence of longer chain fatty acids insoluble calcium soaps are produced. The effect of medium-chain triglyceride on calcium absorption has not been previously studied, but the striking effect which we have demonstrated probably reflects intraluminal solubilization of calcium by mediumchain length fatty acids.
The finding that, in the absence of bile, olive oil depressed the absorption of calcium administered as calcium chloride is hardly surprising in view of what has already been stated about the importance of bile in dissolving fatty acids and calcium soaps. On the other hand, it would appear from our results that bile salts are not necessary for the absorption of calcium when given together with medium-chain triglyceride. Medium-chain triglycerides are relatively water soluble, are absorbed into the portal vein rather than lymphatics, do not need bile salts for digestion, and would be expected to form soluble calcium soaps which would themselves readily be absorbed.
In rats with prolonged bile duct obstruction, as in man (Kehayoglou et al, 1968) , the absorption of calcium given as calcium chloride was considerably diminished. In man the absorptive defect is completely remedied by vitamin D (Kehayoglou et al, 1968) , and it would appear probable that failure to absorb vitamin D in the absence of bile is also the cause of this defect in rats with prolonged biliary obstruction.
It is perhaps surprising after a period of bile duct obstruction sufficient to produce vitamin D deficiency that there was no evidence of bone disease in our rats, radiologically. Bone ash content was slightly lower than in the control animals but this difference was not statistically significant. Overall growth of bile duct-obstructed animals was also satisfactory. It may be that bile salts are less essential for calcium absorption in rats than for some other animals, for in puppies biliary obstruction results in a fall in serum calcium and the development of osteomalacia (Buchbinder and Kern, 1927) . Certainly rickets is a different condition in rats from the disease known by the same name in man and it does not occur on a diet deficient in vitamin D unless the calcium and phosphorus content of the diet is unbalanced (Comar and Bronner, 1964) . Alternatively, it may be that a longer period of obstruction than A. K. Kahayoglou, H. S. Williams, W. F. Whimster, and C. D. Holdsworth 39 days may be necessary to produce evidence of bone disease.
Bone thinning is also said to be frequent in patients with cirrhosis even in the absence of biliary obstruction. In addition to the possible causes for this which have already been mentioned, it has been claimed that in animals with liver damage due to carbon tetrachloride the vitamin D requirement of rachitic rats is increased (Heymann, 1938) . Calcium absorption has not previously been studied in animals with experimental cirrhosis, but our results in rats do not suggest that experimental cirrhosis has any effect on the absorption of soluble calcium, nor does it have any effect on bone growth, bone histology, or bone ash content. However, it is worthy of note that the one animal with jaundice and fluid retention did have rather low calcium absorption. The lower mean absorption of calcium in both cirrhotic and control rats is almost certainly due to the age of these animals being much greater than that of animals in all the previous experiments (Nicolaysen, Eeg-Larsen, and Malm, 1953) .
SUMMARY
The absorption of calcium from solutions of calcium chloride was studied in unanaesthetized rats by either measuring bone deposition of 45Ca or whole body retention of 47Ca.
In acutely bile duct-obstructed animals calcium absorption was significantly depressed when the oral dose was mixed with olive oil, but not when it was given as an aqueous solution, whereas in normal animals olive oil did not depress calcium absorption. In normal animals percentage calcium absorption was slightly but significantly depressed by increasing the carrier dose from 1 mg to 50 mg of calcium, but the size of carrier dose did not affect percentage absorption in the obstructed rats. Medium-chain triglyceride stimulated calcium absorption in both normal, sham operated, and bile duct-obstructed animals.
In chronically bile duct-obstructed animals calcium absorption from an aqueous solution of calcium chloride was significantly less than that found in control animals. The percentage of bone ash was not significantly reduced by chronic bile duct obstruction.
Carbon tetrachloride-induced cirrhosis did not affect calcium absorption, nor did it affect bone ash content.
The possible pathophysiological mechanisms are discussed. 
